+ color center at the low coordination (100) and (110) surface sites of KCl and KBr thin films play an important role in providing tunable laser oscillation and adsorbatesubstrate interactions. Double-well potentials at this site are investigated using ab initio molecular electronic structure calculations. The calculated Stokes shifted (optical transition bands), opticaloptical conversion efficiencies, the probability of orientational destruction, exciton (energy) transfer and Glasner-Tompkins empirical rule suggest that laser light generation is sensitive to (i) the lattice anion, (ii) the coordination number of surface ions, and (iii) the choice of the basis set centered on the anion vacancy. The adsorbate-substrate interactions were found to be dependent on the electronegativity of the adatom and on the lattice anion. Optimised geometries and the coadsorption of CO and (F, Cl, Br, I) on KCl and KBr (100) crystals are presented. Calculated chemisorption energies for CO on the (halogen atom/defect free sites of KCl and KBr (100) crystals) showed that the coadsorption of halogen atom tends to block other adsorbate-substrate interactions at the nearest neighbour sites. Thus if halogen atom coverage increases, the CO prefers to be adsorbed on the K + site of the KCl and KBr (100) surfaces and on KBr relative to KCl.
Introduction
Color center lasers have been used in the field of high-resolution molecular spectroscopy because of their unique features, such as broad tuning ranges, single-mode operation, narrow line widths, and large output powers in the near infrared region of the spectrum [1] [2] [3] [4] . The development of color center lasers has induced a great interest in methods for producing and stabilizing laser active color centers in alkali halides [5] . All these types depend upon the presence of the "F center", which is an anionic vacancy in the crystal lattice filled by an electron. The more complex F A center is an F center attached to a cationic impurity, for example, F A centers in KCl: .
In F A centers the threefold degenerate 2p state of the F center is split into a twofold degenerate state (2p x and 2p y ) and a non-degenerate state (2p z ) by the adjacent cationic impurity and, thus, the absorption band of the F A center consists of two bands. One is called the "F A1 band" due to the dipole transition to the 2p z state, and the other is called "F A2 band" due to the dipole transitions to the 2p x and 2p y states. The F A centers are classified into two types according to different relaxation behaviors. In a "Type I", which usually has a large-size cationic impurity at the nearest neighbor site of an F center, an emission band is observed near the emission energy of the F center. On the other hand a "Type II", where a cationic impurity attached to an F center is small compared with the host cation, has a saddle-point configuration [8] .
After discovery of the F A (Tl) laser center, it was hoped that further stable lasers could be realized with similar F A centers based on isoelectronic In + and Ga + impurities and other metal impurities such as Cu + and Ag + . The existence of these defects was known from spin resonance experiments [9] ; however, as in the F A (Tl) case, little insight into the optical properties was given in these investigations [2] . In KCl:Ag + crystals strong absorptions (500 nm range) and emissions (1 − 2 μm range) could be produced and laser oscillation was indeed observed [10] . A silver color center within the scope of the present invention was prepared according to the procedures that are described in [11] where the alkali halides were used as the host crystals.
The development of color center lasers depends on the testing of known color center systems with more favorable optical properties, and the development of new laser active defects. It appears that a laser-suitable defect should have the following properties: (1) one electron defect center (2) compact electronic states (3) relaxed excited states deep below the conduction band, and (4) possible experimental production of the center in high concentrations (≥ 5 × 10 16 cm −3 ).
Theoretical and experimental investigations of laser light generation at the alkali halide surfaces is still lacking [12] . Therefore, we carried out ab initio calculations in an attempt to examine the laser light generation at the (100) and (110) surfaces of KCl and KBr doped with Ag + . Several related properties such as the relaxed excited state orientational destruction, the exciton (energy) transfer, and the Glasner-Tompkins empirical rule have also been reported.
As far as adsorbate-substrate interactions are concerned, adsorption and interactions at solid surfaces are important for a variety of technologically significant processes, not least of which are catalysis, corrosion and gas sensors [13] . In this context, surfaces of a range of materials are relevant, including those of ionic, quasi-ionic (partially covalent) and metallic systems. The chief problem in studying these processes computationally is the treatment of the extended surface when examining a localized phenomenon like chemisorption. For simple systems (atoms or small molecules interacting on solid surfaces) the embedded cluster methods provide a promising route forward.
Ab initio molecular electronic structure calculations provide useful results, either at the SCF (self consistent field) level or including some degree of correlation. The present systems provide a good benchmark for theoretical models of alkali halide surfaces since quantum chemical calculations can be performed at a very high accuracy for reasonably sized models. The interaction between (F, Cl, Br, I, CO) and the alkali halide surface can also be analyzed in detail and can provide information about the expected character of the bonding to other more complicated alkali halides. This interaction includes adsorption and coadsorption and charge transfer reactions between the halogen atoms and the paramagnetic chloride and bromide vacancies at the KCl and KBr (001) surface, respectively.
We have not been able to find any experimental data on the characteristics of laser light generation, and adsorbate-substrate interactions of the title color centers at KCl and KBr surfaces. Hence our results serve as theoretical predictions.
Methods and calculations

Crystal simulation
Starting with Evjen's method [14] the value of a point charge on the border was scaled by a factor of 2 −n , n being the number of missing nearest neighbors of this charge. In 1978 and 1982, Surrat and Kunz [15] and Colbourn and Mackrodt [16] used clusters that were terminated by ionic charges. In 1988 and 1992, Barandiaran and Seijo [17] applied the ab initio model potential. In this potential the metal oxide clusters were first embedded, and then the rest of the crystal was taken to be ionic charges. In 1992 Colbourn [18] applied the embedded cluster model in which the host surface is represented explicitly by only a small number of ions. The remainder of the ions may be represented by some long range potential or may be merely ignored. In 1999 Colbourn and Catlow [19] discussed the choice of the appropriate charges of the point ions for an fcc structure like MgO.
Table 1
Assignment of the most intense peaks in MALDI-TOF mass spectra of an organic extract obtained from the LGalCer sample incubated for 5 hours at 37 
Bulk simulation
To simulate the ionic crystal bulk, we follow a procedure previously reported for LiH, [20] LiF and NaH, [21] and MgO [22] . A finite ionic crystal of 288 point charges was first constructed. The Coulomb potentials along the X and Y axes of this crystal are zero by symmetry as they are in the host crystal. The ±1 charges on the outer shells listed in table 1, were then modified, by using a fitting procedure, to make the Coulomb potential at the four central sites close approximates of the Madelung potential of the host crystal, and to make the Coulomb potential at the eight points with coordinates (0, ±R, ±R) and (±R, 0, ±R) (where R is half the lattice distance, which for KCl is 3.147Å and for KBr is 3.298Å) equal to zero, as it should be in the host crystal. With these charges, 0.409293 and 0.800909, the Coulomb potential in the region occupied by the central ions is very close to that in the unit cell of the host crystal. The Coulomb potential was calculated to be (1.748) at the four central sites (compared with 1.746 for a simple cubic ionic crystal) and (0.0) at the previously defined eight points (compared with 0.0 for the same crystal).
Surface simulation
The low coordination (100) and (110) surface sites of the KCl and KBr crystals represented in figure 1 were generated as follows: (1 
Calculations 2.2.1 Configuration coordinate diagrams
The geometric relaxation of the F A center in the ground and excited states is a key quantity for laser activity due to vibronic coupling. In other words, the possible energy level structure of the F A center electron is influenced by the shape and depth of the electronic binding potential. This potential is determined mainly by the geometrical arrangement of the nearest surrounding lattice ions, which oscillate around their equilibrium positions. The ionic equilibrium is different for electronic states, and the electron-phonon coupling. Its effect on the optical transitions can be illustrated with the well-known configuration coordinate diagram [23] . In the configuration coordinate diagram, the electronic energies in the ground and excited states are plotted versus the configuration coordinate Q, which represents a certain localized-or normal-mode of the lattice coupling to the electron. In other words, Q represents the simultaneous displacement of the nearest neighbor cations to the defect site from the lattice interionic separation (Q = 0.0) along the axes joining them with the defect site. This is called the symmetric (or linear) coupling mode. The other ions were retained in their original positions in the lattice. Starting from the ground state of the F A center an optical excitation produces a transition into the excited states at fixed nuclear coordinates assuming the Franck-Condon principle, i.e., vertical in the configuration coordinate diagram. Due to the Gaussian shaped probability function for the lowest vibrational state, the transition starts with highest probability from the equilibrium position Q 1 . The electronic distribution reached immediately after excitation is not in equilibrium with the lattice at Q 1 . Consequently, the ions will oscillate toward a new equilibrium position. The vibrational energy will be dissipated via anharmonicity into lattice phonons, and the lattice will reach the new equilibrium position Q 2 , i.e., the relaxed excited state. After the mean life time, the excited electron returns by a vertical emission process to the ground state, and the subsequent lattice relaxation completes the optical cycle [24] .
To construct the configuration coordinate diagrams, the ion clusters representing the F A1 :Ag + center at the (100) surfaces of KCl and KBr were first embedded in the threedimensional arrays of the point-ions described in section 2.1.2. The representations of the ion clusters are given in figure 2. The absorption and emission energies were then calculated as the difference between the total energies of the ground and excited states. For this purpose, the relevant potential energy curves were calculated, then according to the Franck-Condon principle the absorption energy was calculated as that for a vertical transition from the minimum of the relaxed ground state to the excited state. The luminescence energy was calculated in a similar manner. Stokes shifts were then calculated as the difference between the absorption and emission energies.
Configuration Interaction-Singles (CIS) method
The Configuration Interaction-Singles (CIS) method was employed for the calculations of F A -laser activity, relaxed excited state orientational destruction of the F A center and reorientational efficiency. The full CI method forms the wave function Ψ as a linear combination of the Hartree-Fock determinant and all possible substituted determinants:
where the 0 indexed term is the Hartree-Fock level, and s runs over all possible substitutions. In a single substitution, a virtual orbital replaces an occupied orbital within the determinant. The b's are the set of coefficients to be solved by minimizing the energy of the resultant wave function. Consequently, the Configuration Interaction-Singles method uses the configuration interaction approach and models excited states as combinations of single substitutions out of the Hartree-Fock ground state. The Configuration Interaction CI-Singles theory is an adequate zeroth-order treatment for many excited states of molecules. The treatment of large molecular systems can be made achievable by the avoidance of integral storage and transformation, and thus the Configuration InteractionSingles method has a wide range of applicability. A satisfactory exploration of potential energy surfaces and accurate electronic properties of excited statesis possible by the use of the analytic Configuration Interaction-Singles gradients [25] . The method includes some electron correlation in the excited states, and can provide reasonable accuracy for excitation energies in comparison with the simplest way to find the lowest relaxed excited state in wide gap insulators, namely, the self consistent field calculations of the triplet state [26] . We also note that Sousa and Illas [27] have examined the impact that proper electron correlation treatment could have on the optical absorption energy of F -centers in MgO.
Density Functional Theory (DFT) method
The density functional theory (DFT) method was employed for the calculations of the differences between the band gaps and exciton bands, and adsorbate-substrate interactions. Kohn and Sham [28] showed that the exact ground-state purely electronic energy E of an n-electron molecule with ground state electron probability density ρ is given by the equation
where Ψ i , i = 1, 2,. . . , n are the Kohn-Sham orbitals, and the exchange correlation energy E xc [ρ] is a functional in ρ. Kohn and Sham also showed that the exact ground-state ρ can be found from Ψ i 's , according to
The density functional theory calculations were performed by using Becke's threeparameter exchange functional B3 with the LYP correlation functional [29] . This hybrid functional includes a mixture of a Hartree-Fock exchange with the DFT exchange correlation. Originally the functional B included the Slater exchange along with corrections involving the gradient of the density [30] and the correlation functional LYP is that of Lee, Yang and Parr, which includes both local and non-local terms [31] . It may be worth noting that the drawback of the density functional theory to predict the excitation energies of charge transfer states and to give the exact long range 1/R dependence on donor-acceptor distance is due to the local character of the approximate exchange-correlation functions. In other words, long-range charge transfer excited states in the time-dependant density functional theory require non local exchange.
Compact Effective Potential CEP basis sets
The Stevens, Basch and Krauss Compact Effective Potential CEP basis sets [32] were employed in the present calculations. In these CEP basis sets, the double zeta calculations are referred to as CEP-31G, and similarly triple zeta calculations as CEP-121G. It may be noted that there is only one CEP basis set defined beyond the second row, and the two basis sets are equivalent for these atoms. These basis sets have been used to calculate the equilibrium structure and spectroscopic properties of several molecules, and the results compared extremely favorably with corresponding all-electron calculations. The computations reported in this paper were carried out by using the Gaussian 98 system [33] .
Results and discussion
3.1 F A lasers and related properties
The configuration coordinate data of F A centers at the low coordination (100) and (110) surface sites of KCl and KBr are given in table 2, and the configuration coordinate curves are given in figure 3. Since the electron density localization in the vacancy is an important feature of a defect with potential laser applications, we have calculated the optical absorption and luminescence energies after adding Cl functions on the anion vacancy of KCl and Br functions on the anion vacancy of KBr. As shown in figure 3, the strength of electron-phonon coupling is reflected by the value of the Stokes shift between the ground state and the low lying excited state suggesting that laser light generation is sensitive to the simultaneous effects of (i) the lattice anion, (ii) the coordination number of the surface ions, and (iii) the choice of the basis set centered on the anion vacancy. Greater Stokes shifts were mainly assigned to the (100) surface relative to the (110) surface, to KCl relative to KBr, and to the anion vacancy before the addition of halogen basis functions relative to that after the addition of these functions. Table 2 The effect of the crystal type and surface on minima of the ground states (Q 1 ) and, low lying excited states (Q 2 ), horizontal shifts along the configurations coordinate |Q 2 − Q 1 |, absorbed and emission transition energies E between the ground states (g) and the low lying excited states (e) of F A centers at the low coordinated (110) and (100) surfaces of KCl and KBr, calculated at the CIS level. The R values of KCl and KBr are 3.147Å and 3.298Å respectively. All lengths are given inÅ and energies in eV. Stokes shifts are almost exclusively dependent on the coordination number of surface ions, namely (5) for the (100) surface and (4) for the (110) surface. Greater Stokes shifts are assigned to the (100) surface. The dependence of the absorption and emission energies, and consequently Stokes shifts on surface ion coordination is probably due to a combination of several factors. Some of them have already been discussed by Garrone et al. [34] and include the reduction of the Madelung potential at the low coordination sites, which leads to their substantial relaxation with respect to ideal geometry and to strong electron density redistribution. Since the electron density localization in the vacancy is an important feature of a defect with potential laser applications, we have calculated the optical absorption and luminescence energies after adding Cl and Br functions on the Cl and Br vacancy of KCl and KBr, respectively. As shown in table 2, the value of Stokes shift was not significantly changed after adding the Cl or Br functions to the anion vacancy of KCl and KBr.
On the other hand, substitution of a K ion neighbor to a normal F center in KCl or KBr by a metal impurity ion Ag + , the electron affinity of Ag + (3.2 eV.) is shown in comparison to a potassium ion, when incorporated into a KCl or KBr host lattice. The significance of this difference in electron affinities is that, as electron affinity increases, the center electron is distributed more to the impurity cation and less to the vacancy, therefore the host ion can be expected to have an affect on the gross features of the electronic structure on a five-coordinated surface that is almost larger than on a fourcoordinated surface.
With a small Stokes shift, the optical-optical conversion efficiency will be increased. Also the reabsorption of emitted light by other F A centers will be increased. If the negative effect of reabsorption is stronger than the positive effect due to the conversion efficiency, then the laser activity will be decreased. Inspection of table 2 reveals that the negative effect of reabsorption is expected to be stronger than the positive effect for the (110) surface relative to the (100) surface.
A laser-suitable defect should have relaxed excited states deep below the conduction band of the perfect crystal [2]. To examine this issue, we consider the band structures of KCl and KBr surfaces, i.e., the positions of the one-electron defect levels with respect to the perfect surface bands. Table 3 presents the tops of the valence bands and the bottoms of the conduction bands for the ground states of the defect free surfaces as well as the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) for the relaxed excited states of the defect containing surfaces. As shown all excited states are below the lower edges of the conduction bands of the defect free surfaces implying that F A1 : Ag + is a laser suitable defect. One consequence of the relaxed excited state saddle point-ion configuration of the F A center is a temperature-independent ionic reorientation during the pump cycle, i.e, a change of the center axis into a perpendicular (equivalent) orientation. This effect can be understood from figure 4 where it is seen that after the emission process the assumed saddle point ion has a 50% chance of hopping to the <110> anion vacancy site opposite to its starting location. Therefore, if the F A center system is excited in either one of its absorption bands with polarized light having its propagation direction parallel to a <100> axis and the electric field vector E parallel to a perpendicular <100> axis, the F A centers excited by this E-vector will quickly be reoriented to <100> directions where the F A centers are no longer excited and this reoriented system will become experimentally transparent for the excitation light [2] . To examine the relaxed excited state orientational destruction of the F A center theoretically, we have calculated the total energies of the original relaxed excited state configuration and the assumed saddle point ion configurations of F A1 : Ag + centers at the low coordination (100) and (110) surface sites of KCl and KBr. The differences between the energies of these configurations (the energy barriers to orientational bleaching in the laser experiment) are given in table 4, from which it is confirmed that the barrier to the migration of the anion species to the F A vacancy site is directly proportional to the coordination number of the surface ions and inversely proportional to the size of the host anion. The orientational destruction is most probable for the F A1 : Ag + center at the (110) surface sites of KBr. Experimentally, in order to avoid orientational bleaching, the pump polarization and direction of propagation of the pump beam inside the crystal have to be chosen such that they are not parallel to a <100> direction.
Table 4
The energy barriers to the orientational destruction of F A centers at the low coordination surfaces of KCl and KBr due to the migration of the bulk anion to the assumed saddle point ion configurations, calculated at the CIS level. Energies are given in eV. 
Reorientation efficiency and optical memories
It is possible to use the reorientation properties of defects, such as F A centers, under the action of polarized light to store information [35] . F A centers reorient easily and above 140 K the reorientation efficiency is very high, which implies a high recording sensitivity. At 55 K this efficiency practically vanishes; thus it is possible to "read" with polarized light. Finally, in the dark, there is no thermal reorientation of the centers and thus the information may be stored indefinitely. The differences between the F A centers behavior depend primarily on the relative ion sizes of the host lattice, and of the surface coordination number. As shown in table 4, the reorientation efficiency (probability) of F A centers due to the migration of the bulk anions to the assumed saddle point ion configuration of figure 4 increases as the surface coordination number decreases from 5 (100) to 4 (110) and as the size of the lattice anion increases. This implies a high recording sensitivity for F A1 : Ag + , for (110) surface relative to (100) surface, and for KBr relative to KCl.
Exciton (energy) transfer
The relative total energies of the excited states at different low coordination surface sites could be used as the first indicator of whether the exciton excited at a particular surface site will transfer to another site. In order to be able to compare the results for different shapes and sizes of quantum clusters, the relative energies of the excited states for different coordinations were estimated following the method of Shluger et al. [36] . The ionization energies I for the clusters were calculated using the CIS method, assuming the vacuum level for all systems were placed at -I as shown in figure 5. Then the energies of the excited states were located with respect to the defined positions of the ground states using the excitation energies. As can be seen from figure 5, the excited states at the (110) surface sites of KCl and KBr have higher energies than the excited states at the (100) surface sites. In other words the relative energies at the low-coordination (100) and (110) surface sites of KCl and KBr are sensitive to F A imperfection and there is a possibility for exciton transfer from the (110) surface sites to the higher coordinated (100) surface sites. Cox and Williams [37] argued that the excited state at the surface has positive values. Our estimates suggest that it could have negative values in agreement with the estimates of Shluger et al. [36] for MgO.
Glasner-Tompkins relation
Glasner and Tompkins [38] reported an empirical relationship between the principal optical absorption of F centers in solids and the fundamental absorption of the host crystal. The difference between the first exciton absorption energy E X and the F band energy E F was found to depend almost exclusively on the negative ion species. In other words, the Glasner-Tompkins empirical rule suggests that the energy difference between the fundamental absorption of an alkali halide and the F band is very nearly a function of only the halide species. Exciton band E X , F band E F , E X − E F and E X − E Y for twelve alkali halides have been reported by Malghani and Smith [39] and for LiH and LiF by Shalabi et al. [40] . The dependence of the Glasner-Tompkins relation on the dopant cation and surface coordination number (flat, edge and corner) of MgO, KCl and AgBr has also been reported by Shalabi et al. [41] . However no attempts have been made to clarify the dependence of the Glasner-Tompkins relation on Ag dopant at the low-coordination (100) and (110) surface sites of KCl and KBr.
To apply the Glasner-Tompkins relation to the present F A centers, we have to calculate the corresponding band gaps and exciton bands. A complete treatment of the host dependence of band gaps would involve theories of excitons and defects [42] that take into account the band structure. Since this will be a major undertaking and well beyond our present goal, we use the simple electron transfer model of the fundamental optical absorption of ionic solids developed by Hilsch and Pohl [43] . This model, in its simplest form, explains the fundamental optical absorption EX as the transfer of an electron from a negative ion to a neighboring positive ion both placed adjacent to the defect site. It seems likely that all color centers have perturbed excitons formed nearby [20] [21] [22] . We have therefore calculated E X as the change in Coulomb energy associated with the transfer of an electron from a halide anion to a potassium cation, both placed adjacent to the F A center, and we calculate E F A as the energy difference between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The correlation between the surface ion coordination, the F A center and the energy difference between the exciton bands EX and band gaps E F A are given in table 5. As one can see from table 5, the results emphasize the dependence of the energy differences on the surface ion coordination. The energy difference is inversely proportional to the surface ion coordination and lattice anion size generalizing in turn the Glasner-Tompkins relation to include surface coordination in addition to the lattice anions. 
Adsorbate-substrate interactions
The objective of the present work is to study the Adsorbate-substrate interactions of (F, Cl, Br, I and CO) at the different surface sites on KCl and KBr, as well as coadsorption of CO and halogen atoms by using DFT.
Adsorption of halogen atoms on regular and defect sites of KCl and KBr (100) crystals
We considered the adsorbate-substrate interactions by examining the adsorptivity of (F, Cl, Br, I) on two sites, namely the chloride and bromide ion sites of the defect free KCl and KBr surfaces respectively, as well as F A sites of the defect containing KCl and KBr surfaces. The ions surrounding the F A center were allowed to relax to equilibrium and the adsorbate-substrate distances were optimized. The adsorption energy E adsorption was calculated from the relation
The optimized geometries and adsorption energies were given in table 6. As shown in this Table, the adsorption energies increase as the electronegativity of the adatom increases, the F A surface imperfection enhances the adsorption of the halogen atoms and changes the nature of adsorption to strong chemical adsorption. The calculation pattern of adsorption energies is consistent with that already expected from the electrostatic potential curves where distinct differences in adsorption energies occur between the defect free and the defect containing surfaces. Further evidence in favor of the last fact could be obtained from the calculated Mulliken charges on each of the adsorbed halogen atoms at the defect free and defect containing surfaces, see Table 7 . This implied that, the strength of adsorbate-substrate interaction, adsorption energy, (with some exceptions Cl and Br adsorbates at the defect containing surfaces) is directly proportional to the amount of charge transferred between the halogen atoms and the (defect free or defect containing) substrate surfaces. Table 7 Mulliken charges of F, Cl, Br, I adsorbates over the defect-free and defect containing surfaces of KCl and KBr. To examine the relative roles of (i) the energy gap between the halogen atom and the substrate surface, as well as (ii) the spin pairing between the halogen atom single electron and the FA single electron in the course of the adsorbate-substrate interactions, the energy levels, the tops of valence band and the bottoms of conduction bands of the halogen, for defect free and defect containing surfaces are given in figure 6 . From this figure, we can conclude that: (1) The spin pairing factor rather than the energy gap plays the dominant role in the course of the adsorbate-substrate interactions and the large adsorption energies due to surface imperfection are mainly attributed to the role of spin pairing. (2) The defect free surface of KCl and KBr can be made semiconducting by F A centers, where the band gap of the defect free surface was significantly reduced to less than 2 eV (the domain of band gaps of a semiconducting material is ≤ 2 eV). Therefore, the electrical conductivity of an insulator can be significantly enhanced under the effect of electrons trapped in roles.
Fig. 6
The energy levels, tops of valence bands and bottoms of conduction bands for F, Cl, Br, I, defect free and defect containing surfaces of KCl and KBr.
It is generally accepted that the electrostatic potential plays a key role in the interactions of adsorbates with ionic substrates. In order to understand the possible electrostatic contributions to adsorbate-substrate interactions when using defect free and defect containing surfaces, we calculated the electrostatic potentials over the Cl-and Br-sites of the KCl and KBr defect free surfaces, as well as over the FA site of the KCl and KBr defect containing surfaces, see figure 7. This figure showed that the electrostatic potentials of the defect free and defect containing surfaces were very different and the shapes of the functions were very dissimilar. This implies that the same electric fields and electric field derivatives for the defect free surface and the defect containing surface could not be expected. Since the electrostatic interactions of an adatom with the surface will mainly consist of electric field induced dipole and electric field derivatives-induced quadrupole moments, one expects that the classical contributions to the adatom-surface interactions are quite different for the defect containing surface, and also when going from the defect free to the defect containing surfaces. However, curve crossings that occur at about 1.25 A imply that the electrostatic interactions are identical regardless of the nature of the surface, defect free or defect containing. Before studying the coadsorption of CO and halogen atoms on KCl and KBr (100), first the adsorption of pure CO and halogen atoms on KCl and KBr were investigated. Physisorption refers to the adsorption of gases on dielectrics and on some metals. It is characterized by the small heat of adsorption (20 KJ/mol or less). The binding of the gas molecules onto the substrate is mainly due to electrostatic and van der Waals interactions. The properties of the adsorbed phase remain close to those of the gas phase. CO/KCl (100) and CO/KBr (100) have been referred to as a model system for physisorption in which the adsorbed molecules are bound to the surface mainly by electrostatic interactions and the properties of the adsorbed phase remain close to those of the gas phase.
Mahmud and Davidson [44] reported calculations for the adsorption of CO on a NaCl (100) surface. They calculated the binding energy between the CO molecule and NaCl cluster where the CO molecule was placed vertically above Na + with the carbon end directed down. Richardson, Baumann, and Ewing [45] reported an experimental estimate for the binding energy between CO and a NaCl cluster. Chang and Ewing [46] reported an experimental estimate for the equilibrium distance of the CO molecule from the surface. Our theoretical estimates are of the binding energy between CO and KCl/KBr clusters with the carbon end directed toward cation (K + ) and anions (Cl − and Br − ).
The calculated adsorption energies for pure atomic halogen and CO adsorbed on KCl and KBr (100) surfaces are listed in (100) surfaces, respectively. Then, to consider the coadsorption of CO and halogen atoms, two different orientations for CO on the defect free surfaces were tested, see figure 8, keeping the halogen-surface distance fixed at the equilibrium distance. Simultaneous optimizations were then carried out for each orientation. The coadsorption energy, Ecoads., was calculated as the difference between the total energy for the supersystem, cluster-CO + halogen atom, and (the total energy of the cluster model, the isolated CO molecule and halogen atom) [47] . The calculated coadsorption energies of CO and halogen atoms on the different sites of KCl and KBr (100) surfaces are presented in table 9. on these results, it is also suggested that chemisorption of cationic and anionic sites may be activated by preadsorption at the neighboring sites and may actually be "the active catalytic sites" on the KCl and KBr (001) surface. The coadsorption energies increase as the electronegativity of the adatom increases. Moreover, the present calculations show that coadsorption of a halogen atom tends to block other adsorbate-substrate at the nearest sites. Thus if halogen atom coverage increases, the CO prefers to be adsorbed on the K + site of the KCl and KBr (100) surfaces and on KBr more than KCl. Coadsorption is expected to enhance the bonding of each species. As a result, such coadsorption will influence the activity of the site next to its preadsorption site, enhancing the activity of the KCl and KBr surfaces. Two origins of the coadsorption energy can be proposed, one is the electrostatic interaction between the partial charges on coadsorbed species. The Mulliken charges shown in table [10, 11] provide a qualitative description of the charge distribution on the substrates and adsorbate for the most stable model. One can also consider that the enhanced charge transfer between the substrate and the adsorbate may be responsible to the coadsorption energies. As shown in table [10, 11] the charge transfer between the adsorbate and substrate is enhanced when coadsorption takes place, resulting in an increased stability.
Anchell et al. [48] 
